The naked plasmid DNA transfer method of rapid injection with large volume has been useful for gene therapy in experimental study. However, only small animals like rodents have usually been reported on. In this study, the authors attempted to transfect naked plasmid DNA to the porcine liver by modified hydrodynamic method. We decided to transfer plasmid DNA to a part of the liver using the angiocatheter to reduce the liver damage. To discern the condition of injection, naked plasmid DNA-encoding green fluorescent protein (GFP) was transferred for use as a marker gene. The GFP gene expression was markedly observed in genetransferred pig livers. In large animals, not only the naked gene quantity, the solution volume containing the plasmid DNA and the injection speed, but also the additional treatments of the portal vein and the hepatic artery preparation were crucial. We found that the following injection condition were needed: plasmid DNA, 3 mg; the solution volume, 150 ml and the injection speed, 5 ml/s. The portal vein and the hepatic artery were clamped during gene delivery and the blood flow of the portal vein was flushed out using normal saline. Cytotoxic T-lymphocyte antigen 4-immunoglobulin (CTLA4-Ig) gene was used to test for secretory protein. CTLA4-Ig gene was injected with a large volume of solution via the hepatic vein to the left outer lobe of the liver selectively. CTLA4-Ig was detected in the pig blood at a maximum serum level of 161.7 ng/ml 1 day after gene transfer, and the CTLA4-Ig was detected for several weeks. Our new technique of inserting a catheter into only a selected portion of the liver reduced liver toxicity and increased gene transfer efficiency. This is the first report of successful gene transfer, using a hydrodynamic method, to the segmental liver in pigs, and achieved more than enough secretory protein for the clinically therapeutic level in pigs.
Introduction
Non-viral gene transfer is a useful technique to reduce the side effects of virus vector. 1 The hydrodynamic method has shown that plasmid DNA can be injected rapidly into blood vessels with a large volume of solution, with high-level gene expression to the liver [2] [3] [4] and skeletal muscle [5] [6] [7] reported. The hydrodynamic method is an easy and useful technique for gene experiments. Also, the mechanism of hydrodynamic gene transfer was elucidated as the membrane defect or the hydropore induced by hydropressure. 8, 9 However, the hydrodynamic method has a major side effect of heart failure because of the large volume of solution. Therefore, many studies have examined rodents, but only a few have been carried out on animals larger than rodents, such as rabbits. 10 One report described dogs, 11 but it concentrated mainly on rodent data and dogs were not discussed in detail. There has been no effective report discussing animals larger than rabbits, so the hydrodynamic method has been considered only as an experimental method. Recently, in an electronic journal, Herreo et al. 12 reported hydrodynamic gene transfer to the pig whole liver. This study was very interesting as it was the first report of hydrodynamic gene transfer to a large animal like a pig, but the efficiency of the gene transfer was three orders lower than their study in mice. Therefore, the problem of effective gene transfer to pigs using hydrodynamic gene delivery still remained.
In previous studies, we reported that we used a catheter to reduce the volume of solution in the rat hydrodynamic procedure; we transferred cytotoxic T-lymphocyte antigen 4-immunoglobulin (CTLA4-Ig) gene to the rat liver and showed the transplantation data; 13 and we transferred some genes to the rat limb and performed limb transplantation.
14 Furthermore, we successfully transferred the small interfering RNA to the transgenic rat liver and limbs. 15 The hydrodynamic method has been a useful technique for experimental gene transfer, but it has not been accommodated to clinical gene transfer. In this study, we tried to transfer plasmid DNA to the pig liver using the hydrodynamic method with some additional techniques.
Results

The conditions of injection
The green fluorescent protein (GFP) gene was used as a reporter gene to confirm the conditions for the hydrodynamic method in pigs. The gene expression of the hydrodynamic gene transfer method depended on the gene quantity, the solution volume and the injection speeds. 4, 9 In our rat study, the best conditions for the quantity of naked gene was 125 mg with solution (2.5% of the body weight) per rat. 13 However, the partial liver (half of the left outer lobe) in pigs was 8-12 times heavier than the whole liver in rats; therefore, for the same condition in pigs the quantity of naked gene was about 1-1.5 mg and the volume of solution was 60-90 ml per pig. However, in the pig experiment, balloon occlusion was not stanched completely; therefore, the solution and the naked gene were expanded about two times, so that we used 150 ml solution and 3 mg plasmid DNA per pig, respectively, in this study. One hundred and fifty milliliters of normal saline containing 3 mg GFP-expressing gene was injected rapidly by hand or with a power injector. We occluded vessels such as the hepatic artery and the portal vein. Additionally, we infused 200 ml of normal saline to flush out the liver blood. These occlusion of the hepatic artery and the portal vein and the flushing out of the blood from the liver were important techniques and are talked about in detail in the next section.
In injecting the solution by hand within a maximum of 60-80 s, only a little GFP expression was observed. Therefore, the power injector was an essential tool. Injection speeds of 20, 15, 10, 5 and 3 ml/s were tested, and the injection times were 10, 16, 17.5, 32.5 and 52.5 s, respectively, because in the first 5 s we set the 'rising time' so that the injection speed gradually increased. At 20 ml/s, the pig liver burst upon injection. At 15 and 10 ml/s, the livers were broken, with bleeding under the liver capsula and detachment of the vascular endothelium, respectively. At 3 ml/s, GFP expression was not found. However, at 5 ml/s, GFP expression was observed. Therefore, the best injection speed for pig liver was 5 ml/s.
In hydrodynamic gene delivery, a suitable gene quantity was present. With less than the suitable gene quantity, we found little or no gene expression. With more than the suitable gene quantity, gene expression was almost identical. We compared the delivery of 3 mg of plasmid DNA and 1 mg of plasmid DNA. In the 3 mg study, GFP expression was well observed but in the 1 mg study, only limited GFP expression was observed. And also, we compared the delivery of more than 3 mg of plasmid DNA, but gene expression was almost identical to that in the 3 mg study. Therefore, the gene quantity we decided to use was 3 mg.
The solution volume was also important in hydrodynamic gene transfer. We tried 100 and 150 ml solutions containing 3 mg plasmid DNA of GFP, respectively. In the examination of 100 ml solution, little GFP was observed, but in the 150 ml solution, GFP expression was well defined. We could not try a higher volume of solution because our power injector was limited to a maximum of 150 ml.
We decided that the condition for the hydrodynamic method in pigs was 3 mg plasmid DNA containing 150 ml normal saline and 5 ml/s high-speed injection with a power injector. Additionally, occlusion of the hepatic artery and the portal vein and flushing out of the blood from the liver were performed in this experiment. The GFP gene expression was good and identically observed in almost all of the targeted area of the pig liver lobe ( Figure 1 ).
Surgical preparation of the pig
In rodent studies, only plasmid DNA and solution were injected via the tail vein or using a catheter with the hydrodynamic method. However, in the pig study, blood flow occlusion was necessary. We tried to inject plasmid DNA using a catheter-based hydrodynamic method similar to that in rat 13 or rabbit, 10 but no GFP expression was observed in the pig liver.
In the pig hydrodynamic gene transfer method, the blood flow of the liver was crucial. Therefore, we tested to occlude or wash out the blood of the liver. We divided the four groups as follows: 'only the portal vein clamp', 'only the left hepatic artery clamp', 'portal vein and left hepatic artery clamp' and 'both vessels clamp and wash out blood flow by 200 ml lactate linger solution from the portal vein' (Table 1) . Also, the conditions of the hydrodynamic gene transfer to the pig liver were 3 mg of plasmid DNA, 5 ml/s speed injection and 150 ml solution volume. 'Only the portal vein clamp' group and 'only the hepatic artery clamp' group showed no GFP gene expression, but in the group of 'both vessels clamp' GFP gene expression was observed. However, in this group, which did not wash out the portal blood flow, GFP gene expression was limited to being around central veins ( Figure 2a) . And in the 'wash out the portal blood flow and clamp both vessels' group, GFP expression was observed in a greater quantity and area (Figure 2b) . Therefore, the best conditions for hydrodynamic gene transfer to the pig liver were that the portal flow was occluded and the portal blood was washed out, and the left hepatic artery was also clamped (Figure 3 ).
Wedge pressure of the portal vein
In hydrodynamic gene transfer to the liver method, it was well recognized that the pressure of the hepatic vein was important, 9,13 so we examined to monitor the venous pressure. However, in this study, the hepatic vein of the outer left branch was not measured directly because of the intravessel turbulent flow, so we monitored the wedge pressure of the portal vein of the left outer branch as the approximate pressure (Figure 4) . At 3 ml/s of injection speed, the peak pressure was 44 mm Hg ( Figure  5a ), and at 5 ml/s, the peak pressure was 58 mm Hg ( Figure 5b ).
CTLA4Ig expression in pigs
Next, we examined the serum level of gene expression using pCAG-CTLA4Ig. The conditions for hydrodynamic injection were the same as in the experiment of GFP gene transfer, the solution volume was 150 ml, CTLA4Ig gene was 3 mg and injection speed was 5 ml/s (32.5 s), and with clamping the hepatic artery and the portal vein and washing out the liver blood. The serum CTLA4Ig level in the pig peripheral blood obtained on days 0, 1, 2, 4, 7, 14 and 21 thereafter was measured by enzyme-linked immunosorbent assay (ELISA). As shown in Figure 6 , in No. 1 a remarkably high level of CTLA4Ig 
Abbreviations: clamp, a temporary clamp using the vessel clamp during hydrodynamic injection; good, GFP expression was limitedly observed; HA, hepatic artery; no, no GFP expression was observed; PV, portal vein; very good, GFP expression was widely observed; wash out, PV blood flow was washed out using 200 ml lactate linger solution. GFP expression was observed 2 days after hydrodynamic gene transfer. Figure 2 The GFP expression of the pig liver under the blood condition. The portal vein and the left hepatic artery were clamped, and the GFP gene was injected into the left hepatic vein (3 mg of p-DNA containing with 150 ml of normal saline and injection speed was 5 ml/s) (a). After occlusion of the hepatic inflow, 200 ml of the lactate linger solution were injected from the portal vein (b). The GFP expression of hydrodynamically gene delivered pig liver was limited to an area near the hepatic vein (a). Both vessels were clamped and the liver blood was washed out from the portal vein using the lactate linger solution. Gene expression was observed in almost all areas of the target liver (b). 
The toxicity of the pig liver in hydrodynamic gene transfer
In the CTLA4-Ig experiment, the liver injury induced by the hydrodynamic gene transfer was studied by AST (aspartate aminotransferase) and ALT (alkaline aminotransferase) in the following phases: pre-operation, 1 day, and 2, 4 and 7 days after gene delivery (n ¼ 3). AST increased on the first day after hydrodynamic gene transfer (maximum 501.3 IU/l) and decreased on the second day, returning to a normal level on the fourth day after gene delivery ( Figure 7 ).
Discussion
In this study, we found that the hydrodynamic gene transfer method is not only a technique for small animals, such as rodents and rabbits, but also pigs. A paper that reported gene transfer to the dog liver has been published. 11 However, the report described mainly rodent data, and the dog data were not clear. Moreover, the method in that report was not highly efficient because it used 10-30 mg plasmid DNA. A paper mentioned naked gene transfer using the hydrodynamic method to the large animals, but no data were shown. 16 There was only one report that transferred naked DNA 
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to the pig liver using a hydrodynamic method. 12 The investigators transferred human a-1 antitrypsin (hAAT) to the whole liver of the pig using a catheter. This paper was very impressive and important because it was the first report of hydrodynamic gene transfer to the pig liver, and the toxicity of the liver was limited (maximum of AST level was 123 U/l). The conditions for injection were 2 mg of naked DNA with 100 ml of solution and 7.5 ml/s injection speed. These conditions were similar to our conditions but not the same, because their target organ was the whole liver and our target was a part of the liver. Moreover, their report said the gene transfer was not so efficient, so a more effective method was still necessary. We found that the hydrodynamic method needs additional techniques when used in pigs.
First, the hydrodynamic gene transfer in pigs required 3 mg of pDNA containing 150 ml of normal saline. We tried 1 mg of pDNA (GFP) and although gene expression was detectable, it was much less than 3 mg. We also tried 100 ml of solution, but GFP expression was not detectable. The solution volume was much larger in the pig than the rodent compared to the liver weight. The reason was the occlusion balloon. In this study, we used the 'Dilatation balloon'. The solution containing plasmid DNA leaked easily, so a greater volume of solution might be required in the pig study. A special balloon should be developed for the pig hydrodynamic method for better gene transfer efficiency. In this study, we operated in open surgery to fix the balloon to the best position and to prevent the leakage of solution, but the operative procedure may be performable using laparoscopic surgery to reduce surgical invasion.
Second, the blood flow of the pig liver was important in this study. It was necessary to occlude the portal vein and the hepatic artery. Moreover, effective gene transfer required washing out the liver blood. A paper suggested that the DNAase reduced the plasmid DNA contacting the blood, 17 and this study may support the hypothesis. In the GFP experiments, GFP expression was identical in almost all of the area that was controlled by the hepatic vein with the balloon catheter clamped. GFP expression was quite effective; however, in the CTLA4-Ig study, the serum level of CTLA4-Ig was not as effective as in the rodent studies. Because in the pig study, the injected area of hydrodynamic gene transfer was of the whole liver, the production was lower than in whole liver transfer studies (like rodent experiments). Moreover, the hydrodynamic gene transfer method leaves room for improvement in efficiency, such as the use of a specific occlusion catheter to reduce the leakage of the solution containing plasmid DNA.
In the hydrodynamic method, the transferred gene expression was not controllable in spite of using the same procedure and same surgeon. In our study, the CTLA4-Ig expression also suggested uncontrollability. Liver damage and the uncontrollable gene expression were demerits of the hydrodynamic method, but the liver damage improved in a few days and the gene expression level was high enough to meet the goal of objective experiments, such as CTLA4-Ig level in organ transplantation. 18 Gene therapy for the liver is a strategy for various situations, such as an assist therapy for the immunosuppression in organ transplantation, the treatment of patients with metabolic disorders and DNA vaccination for treatment of fulminate hepatitis. 19 Moreover, the nonviral gene transfer method is beneficial for recipients inducing immunosuppressive agents, in whom the clinical application of virus vector may be limited because of cytotoxicity and immune responses. Delivery of naked DNA using an intravascular route results in effective gene transfer to hepatocytes because the vascular system accesses every cell. Furthermore, the immunosuppression-limited graft organ using gene therapy has great potential in solid organ transplantation and also in cell transplantation. We will investigate the hydrodynamic method for the combination therapy of gene transfer and transplantation.
Materials and methods
Plasmid constructs
The expressing construct for enhanced type of mutant in the GFP gene, ph-GFP-105-c1, driven under a cyto- AST (aspartate aminotransferase) and ALT (alkaline aminotransferase) level were measured in the serum of the CTLA4-Ig-transferred pigs using a hydrodynamic method in pre-operation, 1 day, and 2, 4 and 7 days after gene delivery (n ¼ 3).
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H Yoshino et al megalovirus promoter, was kindly donated by Dr T Osumi (Himeji Institute of Technology, Hyougo, Japan). The GFP and the human CTLA4-Ig expression plasmid pCAG-CTLA4-Ig were amplified in the DH5 a strain of Escherichia coli, and large-scale preparation of plasmid DNA was performed by the alkaline lysis method. Closed circular plasmid DNA was then purified twice by equilibrium centrifugation in CsCl-ethidium-bromide gradients. DNA concentrations were measured by ultraviolet absorption at 260 nm.
13,14
Animals
Mail miniature pigs (Mexican hairless pig), weighing 14-27 kg, obtained from the Ibaragi Firm (Ibaragi, Japan), were used. Pigs were kept at our animal center. All experiments were performed in accordance with the 'Jichi Medical University Guide for Laboratory Animals'.
Anesthesia and surgical preparation
As preparation for surgery, the miniature pigs received an intramuscular injection of ketamine (10 mg/kg) and atropine sulfate (0.5 mg/each animal). The pigs were intubated and anesthetized generally by isoflurane. 20 The occlusion balloon catheter, Ultra-thin Diamond Balloon Dilatation catheter, 5F, 75 cm, balloon 5 mm Â 4 cm (Boston Scientific, Boston, MA, USA), was inserted from the right external jugular vein with the 8 French angiocatheter sheath, and into the left hepatic vein, navigated under fluoroscopic control. The pigs were operated with inverted T skin incision. The hepatic artery and the portal vein were identified and clamped with vessel clips. The injection catheter was inserted into the portal vein, and 200 ml normal saline was injected for washing out the liver blood. After that, the hepatic vein was occluded with the balloon catheter and the surgeon held the left outer lobe of the liver with the hands to fix the liver and the occlusion balloon and to prevent leakage of the solution.
Hydrodynamic injection
The plasmid DNA was rapidly injected into the hepatic vein with 150 ml cold normal saline using the power injector (Mark five Pro Vis injection system, Medrad Inc., Pittsburgh, PA, USA). The balloon occlusion was continued during rapid injection and 30 s after the injection. After that, the occlusion balloon was deleted, the portal vein and hepatic artery clamps were removed, and the abdominal and cervical wounds were sutured. The pigs were kept in the special cage for the afteroperation pigs at our animal center.
The measurement of the portal vein wedge pressure A balloon catheter was inserted from the main portal vein, and advanced into the left outer branch of the portal vein. The balloon was expanded during the rapid injection and after 30 s. The portal vein wedge pressure was continuously monitored on Pressure Transducer (NEC, Tokyo, Japan).
Detection of marker gene
Expression of the introduced GFP gene was visualized macroscopically under 489-nm wavelength excitation light as specified in previous reports. 21, 22 The pigs were killed 2 days after gene transfer to evaluate the technical procedure.
Detection of serum CTLA4-Ig level
CTLA4-Ig level in serum were assayed by ELISA as specified in a previous report. 13 
